Two genetically distinct groups (P S and P B ) detected previously within the C. fissa complex in Europe were studied with respect to 47 morphometric characters. The two examined groups differed statistically significantly with respect to 34 morphological traits. The forward stepwise method of discriminant analysis showed that the set of diagnostic characters could be limited to nine. The best diagnostic features were morphological characters describing the shape of leaf: length and width of leaf, height of dorsal part and distance from the apex to the ventral base of the leaf, length of the 3 rd coordinate of the leaf, and underleaf width as well as characters of the stem: length of internodes and size of internode cells. Plants of the P S group were smaller (shoot width range from 922-1780 µm) than plants of the P B group (1600-3900 µm). Based on genetically identified samples, classification functions for each group were computed and the derived functions were used for the classification of samples from the herbarium collections. The principal component analysis and dendrogram constructed on the basis of Euclidean distance, using the set of diagnostic characters, divided the examined samples into two groups that correlated with groups detected by isozyme markers. Results of multivariable analysis showed that it is possible to satisfactorily characterise morphologically both genetically distinct groups of the C. fissa complex.
Introduction
A limited number of good diagnostic qualitative traits resulting from reduced, as compared to angiosperms, morphology and high phenotypic plasticity of the gametophyte is a serious problem in bryophyte taxonomy. Application of different molecular methods in bryophyte taxonomy revealed that many liverwort species described on the basis of morphological traits, in fact, are only species complexes composed of several cryptic or semicryptic species (Bischler & BoisselierDubayle 2000; Shaw 2001; Szweykowski et al. 2005; Wachowiak et al. 2007; Bπczkiewicz et al. 2008; Heinrichs et al. 2010; Kreier et al. 2010; Sawicki et al. 2010) . Thus, it is expected that some liverwort species can still be discovered, even in Europe.
Genetic differences between cryptic species are of the same rank as between morphologically wellcharacterised species, although, due to great morphological similarity, they cannot be described as taxonomically distinct species, e.g., Pellia epiphylla (ZieliÒski 1987) , Conocephalum conicum (Szweykowski & Krzakowa 1979) , Aneura pinguis (Bπczkiewicz & Buczkowska 2005; Bπczkiewicz et al. 2008) , Reboulia (BoisselierDubayle et al. 1998) . A formal taxonomic treatment of these species is difficult. Morphological differences, if they exist, are slight, and concern, mostly, quantitative traits which have continuous phenotypic range. It is practically impossible to say whether the observed differences have a genetic basis or not (Szweykowski 1984) . One way to resolve this problem is to precisely characterise morphologically plants that have been determined genetically. Morphological and anatomical studies based on genetically identified plants led to description of one of cryptic species detected in Conocephalum conicum complex as a new C. salebrosum species (Szweykowski et al. 2005) . Similarly, biometric studies based on genetically identified material allowed determination of morphological diagnostic characters for a new taxon of the Calypogeia genus (Buczkowska 2010) previously detected by isozyme and molecular markers (Buczkowska & Bπczkiewicz 2011; Buczkowska & Dabert 2011) .
Calypogeia fissa (L.) Raddi is regarded as a suboceanic-mediterrean, amphiatlantic species (M¸ller 1951 -1958 Damsholt 2002) . In Europe, it occurs west of Ireland, Great Britain, Spain, Portugal and France across the Balkans to Central Russia in the east as well as in southern parts of the Nordic countries and Iceland. The species is also known from Asia (Turkey and East Himalayas) and North Africa (Marocco, Tunesia), Mediterranean islands and Macaronesia (Paton 1999; Damsholt 2002) . C. fissa in Poland occurs mainly in the western regions of the country (Ko≥a 1989; Szweykowski 2006) . This species seems to be morphologically well characterised and typically developed plants are readily distinguished from other Calypogeia species by their characteristic bidentate leaves and by underleaves armed with teeth on the lateral margin (M¸ller 1951-1958) . However, some less typical forms can be occasionally found, which create problems for taxonomists (Schuster 1969; Damsholt 2002; Paton 1999) . Currently within C. fissa, two subspecies are formally recognized: C. fissa subsp. fissa occurring in Europe (Grolle & Long 2000) and C. fissa subsp. neogea Schust. known only from North America (Schuster 1969) . In Europe, one form ñ C. fissa f. subxeropholia Schiffn. was distinguished by Bischler (1957) and two varieties (var. fissa, var. intermedia) and two forms (f. fissa, f. subintegrifolia) by Damsholt (2002) . Moreover, several other varieties and forms were described by Warnstorf (1917) ; however, none of them was accepted. C. fissa is a very variable species with regard to morphological traits like size, shape of underleaf lateral margin and leaf apex as well as ecological preferences (Schuster 1969; Paton 1999; Damsholt 2002) .
The isoenzyme studies have shown that the species is genetically differentiated and composed of genetically distinct groups which have been tentatively called as P S , P B and G (Buczkowska 2004a). The groups P S , P B were found in Poland and comprised, respectively, small and bigger plants, the group G was noted in Germany. The P S group was genetically most distinct, whereas genetic distance between groups P B and G were lower. These groups detected by genetic methods also differed in oil body characters and habitat requirements (Buczkowska 2004a) .
The main purpose of the present study was: (i) to check whether any stable morphological differences existed between genetically detected groups; (ii) to examine what was the range of morphological and anatomical variation of the groups, and (iii) to find the diagnostic characters facilitating their identification.
Material and methods

Plant material
Plants used in biometrical studies originated from different regions of Europe. The studied plants were initially determined on the basis of morphological traits according to M¸ller (1951-1958) and Damsholt (2002) . In the living plants, just after collection, the oil body characters were studied. In general, 53 samples of C. fissa complex were examined (Appendix 1). The samples were divided into two parts. Part one contained 40 samples identified on the basis of isozyme markers and oil body characters as C. fissa group P S and P B according to Buczkowska (2004a) . Part two comprised 11 samples from herbarium collections which were determined based on morphological criteria only. Additionally, 2 samples determined in the previous study as group G (Buczkowska 2004a) were included in the biometrical analysis. Five stems from each sample were measured with respect to 47 quantitative traits according to the method described by Buczkowska (2004b).
Statistical analysis
Statistical analyses were performed in two steps: the analyses in the first step were based on a matrix of 40 samples genetically identified as group P S and P B (Appendix 1). Descriptive statistics: means, ±95% confidence intervals for the mean, standard deviations, minimums, maximums and coefficients of variation were computed for each group. The significance of the difference between means of the examined groups was tested by oneway analysis of variance (ANOVA). The forward stepwise method of discriminant analysis and Wilksí lambda value was used in order to design the best diagnostic features that facilitate discriminating between the examined groups. The Wilksí Lambda value fit the range from 0 (perfect discrimination) to 1 (lack of discrimination). The classification functions for the studied groups were also computed and the derived functions were used to classify the samples from herbarium collections which were not genetically determined. The functions can be used for classifying new cases into different groups with a better than chance accuracy. A new case can be classified to the group for which it has the highest classification score (Krzyúko 1990) .
In the second step, all samples were included in analyses. Principal component analysis and cluster analysis (agglomeration and k-means clustering methods) were performed to examine differences between the investigated groups. Normality of the data was checked by the Shapiro-Wilk test. For cluster analysis, standardized data were used. Statistical analyses were performed using STATISTICA 8.0 for Windows.
Results
Morphological variation
Descriptive statistics and the coefficient of variation of all examined characters were calculated for the two examined groups (P S and P B ) distinguished on the basis of isozyme markers (Appendix 2). The P S group had lower values of means of almost all studied characters than the P B group. In general, plants of the P S group were smaller, had shorter internodes of stem and smaller underleaf and stem cells (Appendix 2). Analysis of variance (ANOVA) showed that the studied groups differed statistically significantly with respect to the means of 34 analyzed traits. The greatest differences between the studied groups were found in the features connected with the leaf (23-29), underleaf (1, 2) and stem (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) . The examined groups did not differ statistically significantly with regard to the following traits: 3, 7, 12, [14] [15] [16] [17] 19, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] .
The computed coefficients for both groups showed that the P B group exhibited a bigger range of morphological variation than the P S group. The coefficient of variation of 47 studied characters in the P S group ranged from 4.98% to 20.83% and in P B ñ from 7.36% to 25.73%. The P S group had a higher coefficient of variation than P B only for few characters (Appendix 2). The lowest values of the coefficient of variation in both groups were noted in the characters describing the shape of the underleaf (12-13) and of the leaf (30-33). The P S group was more variable with respect to the morphological characters of the leaf and underleaf, whereas group P B had higher values of this coefficient for morphological characters of the stem and size of the leaf and underleaf cells (Appendix 2).
Differences between groups
From the initial set of 47 characters, the set of the diagnostic ones was selected using Wilksí lambda criterion in the forward stepwise method of discriminant analysis based on a matrix of 40 samples identified genetically as group P S and P B . In the analysis, nine characters were included in the model: 23, 26, 8, 25, 2, 44, 36, 29 and 24 . A highly significant value of the Wilksí Lambda of 0.104 (F=24.86, p<0.0001) calculated for the 9 traits included in the model indicated good discrimination between the analyzed groups. Thus, these characters can be regarded as diagnostic features, which morphologically best discriminate groups P S and P B of C. fissa detected in isozyme analysis. Based on the set of the 9 diagnostic traits, classification functions were computed (Table 1 ). The functions were used for the classification of samples from the herbarium collections. Almost all samples were classified by the functions derived based on genetically identified samples as belonging to the P S or P B group with very high probability (p=0.996 to p=1.00). Only one sample 50 was classified as group P B with lower probability p=0.820. Two samples (41 and 42) distinguished by isozyme analyses as group G of C. fissa (Buczkowska 2004a) were classified by the functions as the P B group ( The principal component analysis based on the 9 diagnostic characters and including 53 samples of C. fissa complex proved the existence of morphological hiatus between the studied groups. The examined samples of the C. fissa complex in the space of PCA axes were divided into two sets of samples separated along the 1 st PCA axis; the sets are correlated with groups P S and P B detected by genetic markers (Fig. 1) . Samples identified as the P S group were located at the right side of the plot and made a relatively compact set with the exception of sample 2, which approached group P B . Samples classified as the P B group were located at the left side of the plot with two very distinct samples (24, 53) . Plants of these two samples were larger than plants from the other samples of this group. Two samples of group G (41, 42) from Germany were located in the range of morphological variation of the P B Fig. 1 . Scatter plot of 53 samples of C. fissa complex in the PCA axes Explanations: Circles ñ P S group, squares ñ P B group. Panes ñ G group. Full or empty symbols denote respectively samples identified genetically or morphologically only group. The position of samples which were not genetically identified in the PCA space was in accordance with the determination performed by classification functions, samples 43-45 and 46-48 were placed within the range of morphological variation of the P S group, whereas samples 49-53 -in the range of the P B group (Fig. 1) . The 2 nd PCA axis failed to differentiate the studied groups and revealed higher morphological variation of the P B group (Fig. 1) . The first two principal components explain 86.38% of the total variation included in the 9 analysed characters. The most strongly correlated with the 1 st PCA axis were morphological characters of the leaf (26, 23 and 24); thus, these characters played the most important role in the separation of the examined groups of C. fissa, whereas the width of underleaf (8) and length of the 5 th internode (44) (most strongly correlated with the 2 nd PCA axis) were responsible for higher variation of the P B group (Table 3) . Similar results of grouping were obtained in the cluster analysis. The dendrogram constructed on the basis of the Euclidean distance divided the examined samples into two groups: P S and P B , which correlated with the groups detected by genetic markers. The 2 sample 2 determined by isozyme markers as P S and two samples of group G were included in the cluster of the Fig. 3 . Plot of means of nine diagnostic characters for each cluster obtained in the k-means clustering method P B group (Fig. 2) . Correctness of the partitioning was verified by the k-means clustering method of cluster analysis. In this method, the number of clusters is established a priori and the investigated samples are allocated into these clusters with the goal of minimizing the within-cluster variance and maximizing the betweencluster variance. In this case, the results of k-means clustering entirely match the clusters found in the joining analysis, all samples detected as the P S group with the exception of sample 2 were included to cluster 1, whereas all samples of the P B group (with group G) ñ to cluster 2. All the 9 diagnostic traits differentiated the two clusters very well (Fig. 3) . Results of multivariate analyses showed that nine morphological traits (2, 8, 23-26, 29, 36, 44) were sufficient for proper classification of C. fissa into these two genetically distinct groups. In both groups, leaves with an acute apex prevailed and comprised 71% in P S group and 82% in P B of all the observed leaves, while leaves with a bidentate apex were less frequent ñ 22% and 11%, respectively (Fig.  4) . Two remaining types of the leaf apex known in European species of the Calypogeia genus (truncated and rounded; Buczkowska 2004b) were very rare in the examined plants. Underleaves armed with teeth were more frequent in the P S than in the P B group, in the P B underleaves with angulation prevailed (Fig. 5) . These two groups did not differ with respect to numbers of cells between the sinus and the base of the underleaf (trait 7) and almost insignificantly in underleaf sinus depth (trait 11).
Discussion
Isozyme analyses revealed that C. fissa in Poland was differentiated into two genetically distinct groups, tentatively called P S and P B , which differed also in oil body characters (Buczkowska 2004a ). The present biometrical study showed that, in spite of a relatively high level of variability, these groups could be recognised also morphologically. The two types of plants were also found in different parts of Europe. Among the 47 quantitative characters, 34 showed statistically significant differences in arithmetical means between the examined groups. Because the quantitative traits were less reliable, therefore, a combination of characters was needed for their separation. Nevertheless, from among the studied characters, it was possible to find a set of 9 diagnostic ones which allowed proper classification of the majority of samples belonging to the C. fissa complex to a particular group. This makes it possible to apply such an analysis in daily taxonomic practice. The best diagnostic features are morphological characters describing the shape of the leaf: 26 ñ distance from apex to ventral base of leaf, 29 ñ length of the 3 rd coordinate of the leaf, 23 ñ length of leaf, 24 ñ width of leaf, 25 ñ height of dorsal part of leaf as well as characters of the stem: 44 ñ length of the 5 th internode and size of internode cells and 8 ñ underleaf width. Plants of the P B group were bigger (width of shoots ranged from 1600-3900 µm, on average 2383 µm), had usually longer than wider leaves and longer internodes (segment between underleaves), whereas plants of P S were smaller (922-1780 µm, on average 1443 µm) with leaves almost as long as wide or wider than long and internodes were short. The two groups also differed with respect to habitat preferences, the P B group grew in wet places, mainly on organic substrate like plant litter, Carex tussocks on lakeshore, wet tree roots in Carici elongatae-Alnetum, while group P S occurred mainly on clay, sandy soil on ditch banks or roadsides.
Determination of difficult samples can be easier and more reliable using classification functions of discriminant analysis (Krzyúko 1990 ). The classification functions computed on the basis of genetically identified plants offer the possibility to compare herbarium specimens, including nomenclatural types, with respect to their morphological and anatomical features, with plants for which experimental research was done. Such functions were applied in case of the type specimen of C. muelleriana Schiffn.) M¸ll. Frib. and C. integristipula Steph. (Buczkowska 2004b) . In the present study, the classification functions computed on the basis of 40 genetically identified samples were used for the determination of the new specimens from herbarium collections. Almost all analysed herbarium specimens were classified with very high probability (p=0.996-1.000) indicating that the two groups of C. fissa (P S and P B ), detected previously by genetic methods, were well characterized also morphologically. Determination of the samples based on classification functions was consistent with the identification by molecular markers: trnG and trnL (Buczkowska et al. unpubl.) . In future, the functions can be helpful for the determination of other samples and the atypically developed plants.
The studied samples of the C. fissa complex characterised by the set of the diagnostic characters were separated in the space of the PCA axes into two distinct groups (P S and P B ) corresponding with the groups detected on the basis of the isoenzyme analyses. The same classification was obtained by cluster analysis. It is interesting to note that the two samples of group G were morphologically similar to samples of the P B group. Their morphological similarity was confirmed by all biometrical analyses. The results of morphological studies wholly reflected the genetic differences revealed within the C. fissa complex by isozyme markers and oil body features (Buczkowska 2004a). The genetic distance between G and P B groups was over 3 times lower (D=0.235) than that between G and Polish P S group (0.710) or between groups P S and P B (0.700) in Poland (Buczkowska 2004a). The magnitude of morphological hiatus between the examined groups indicates that there is a correlation between their morphological features, including the characters of oil bodies and genetic distance. The correlations between isozyme phenotypes and oil body traits have been observed in other species of the Calypogeia genus (Szweykowski & Krzakowa 1990; Buczkowska et al. 2004) . Thus, the recognition of the two genetically distinct groups of C. fissa on the basis of morphological criteria is possible in most instances. It is of great importance in the case of the older herbarium samples, where no experimental analyses have been done.
The results obtained in the present studies of the C. fissa complex are similar to other morphometric analysis of bryophytes that have been carried out on genetically detected material (Boisselier-Dubayle & Bischler 1994; Buczkowska 2010; Sawicki et al. 2010) and revealed that most of the morphological variation observed in bryopytes is genetically fixed; they do not support the Schusterís (1966) point of view that most of the morphological variation observed in liverworts is of modificatory character. Although such correlations have not always been noted, for example, in the Porella platyphylla ñ P. platyphylloidea complex, no correlation between three different genotypes and morphological features have been recorded (Therrien et al. 1998) ; similarly, no correlation has been found between genotype and the presence or absence of a hairy vaginula in Orthotrichum speciosum (Pl·öek & Sawicki 2010 ). Precise biometrical studies carried out on distinct genetic units provide an opportunity to check the existence of correlations between genetic and morphological features case-by-case in order to estimate how wide this phenomenon is present in liverworts. Such studies also allow the delimitation of the range of phenotypic variability and provide reliable diagnostic features offering the possibility of proper classification of a great part of samples even of herbarium material, as was proved in the case of other Calypogiea species (Szweykowski & Buczkowska 1998; Buczkowska 2010) , Odontoschisma (Szweykowski & Buczkowska 1999) , or Conocephalum (Szweykowski et al. 2005 ). However, it should be pointed out firmly that in currently collected material of the Calypogiea species at least, oil bodies have to be checked, to make classification as reliable as possible.
It is interesting to note that, in the set of diagnostic characters for groups of the C. fissa complex, the morphological characters of the stem were also included, besides those of the leaf and underleaf. These characters, i.e. length of internodes and size of internodes cells exhibited a relatively high level of coefficient of variation, especially in the P B group. These characters, according to Buch (1935) , were regarded as susceptible to environmental conditions and, therefore, little attention was paid to the traits so far. Despite their relatively high coefficient of variability (V), the ± 95% confidence limits for means of both groups did not overlap, so the characters can be accepted as diagnostic for the studied groups. However, their diagnostic value should be verified on wider material genetically identified.
Bidentate leaves and underleaves armed with teeth on the lateral margin have been frequently regarded as the main diagnostic features of the C. fissa (M¸ller 1951 -1958 Bischler 1957; Schuster 1969) . The present study showed that leaves acute at the apex were more frequent in the P B , but bidentate in the P S group. Similarly, underleaves with angulation on the lateral margin were frequently found in P B , but with teeth ñ in the P S group. Bidentate leaves are also found in other Calypogeia species, but less frequently (Paton 1999; Buczkowska 2004b) . Paton (1999) noted that the shape of the leaf apex was variable and had limited taxonomic value. The present study suggests that high variability of this feature in C. fissa could have resulted from its genetic heterogeneity and further studies are needed to verify stability of this trait. To classify the Calypogeia species properly, besides these features, a set of quantitative morphological and anatomical characters has to be applied. Paton (1999) suggested that in C. fissa, there is no correlation between lateral leaves that are entire at the apex and underleaves with lateral lobes above the middle, which is characteristic for North America C. fissa subsp. neogea R. M. Schust. The present study revealed that such a correlation did occur in the C. fissa complex in Poland.
The results of the present biometrical study showed that morphological differences of the genetically distinct P S and P B groups of the C. fissa complex appear to be satisfactory. The presence of diagnostic morphological characters available to analysis in dried herbarium specimens will give, in future, an opportunity to accomplish formal taxonomic descriptions of these genetically distinct groups of C. fissa. However, further studies are needed to finish the taxonomic research. Investigations should be conducted on the type specimens of: C. fissa ssp. fissa ñ the typical subspecies known from western Europe, C. fissa var. fissa and var. intermedia ñ the varieties distinguished by Damsholt (2002) and C. fissa var. macrophylla and var. microphylla ñ the varieties described by Warnstorf (1917) as well as C. fissa ssp. neogea ñ the subspecies described in North America by Schuster (1969) to verify if any of the several already described taxa fit the investigated groups. Appendix 2. Descriptive statistics for 47 quantitative characters for the two studied groups of the C. fissa complex and F statistics Explanations: ±95% ñ confidence intervals, SD ñ standard deviation, V% ñ coefficient of variation, * ñ p £ 0.05, ** ñ p £ 0.01
